We have demonstrated that LPA (lysophosphatidic acid)-induced IL (interleukin)-8 secretion was partly mediated via transactivation of EGFR [EGF (epidermal growth factor) receptor] in HBEpCs (human bronchial epithelial primary cells). The present study provides evidence that LPA-induced transactivation of EGFR regulates COX (cyclo-oxygenase)-2 expression and PGE 2 [PG (prostaglandin) E 2 ] release through the transcriptional factor, C/EBPβ (CCAAT/enhancer-binding protein β), in HBEpCs. Treatment with LPA (1 µM) stimulated COX-2 mRNA and protein expression and PGE 2 release via G αi -coupled LPARs (LPA receptors). Pretreatment with inhibitors of NF-κB (nuclear factor-κB), JNK (Jun N-terminal kinase), or down-regulation of c-Jun or C/EBPβ with specific siRNA (small interference RNA) attenuated LPA-induced COX-2 expression. Downregulation of EGFR by siRNA or pretreatment with the EGFR tyrosine kinase inhibitor, AG1478, partly attenuated LPAinduced COX-2 expression and phosphorylation of C/EBPβ; however, neither of these factors had an effect on the NF-κB and JNK pathways. Furthermore, LPA-induced EGFR transactivation, phosphorylation of C/EBPβ and COX-2 expression were attenuated by overexpression of a catalytically inactive mutant of PLD2 [PLD (phospholipase D) 2], PLD2-K758R, or by addition of myristoylated PKCζ [PKC (protein kinase C) ζ ] peptide pseudosubstrate. Overexpression of the PLD2-K758R mutant also attenuated LPA-induced phosphorylation and activation of PKCζ . These results demonstrate that LPA induces COX-2 expression and PGE 2 production through EGFR transactivation-independent activation of transcriptional factors NF-κB and c-Jun, and EGFR transactivation-dependent activation of C/EBPβ in HBEpCs. Since COX-2 and PGE 2 have been shown to be anti-inflammatory in airway inflammation, the present data suggest a modulating and protective role of LPA in regulating innate immunity and remodelling of the airways.
INTRODUCTION
A classical role of human airway epithelium is to function as a passive barrier between inhaled gases/particles and intima of the airways [1] [2] [3] . Recent studies suggest that the airway epithelial cells participate in innate immunity through the release of cytokines, chemokines, lipid mediators and other inflammatory mediators in response to a variety of inhaled stimuli [4] [5] [6] . LPA (lysophosphatidic acid) is a bioactive lipid mediator that plays an important role in regulating intracellular mobilization of Ca 2+ , cytoskeletal reorganization, cell growth, differentiation, motility and survival [7] [8] [9] [10] . LPA has been found in various biological fluids, including plasma and BAL (bronchoalveolar lavage) [11] [12] [13] . Recent studies have demonstrated that LPA also plays a critical role in airway inflammation [14] [15] [16] [17] [18] [19] [20] [21] [22] , and we have shown that levels of LPA in BAL fluid are higher in a group of allergen-challenged asthmatic patients compared with a normal group [13] . Furthermore, treatment of HBEpCs (human bronchial epithelial primary cells) with LPA-induced IL (interleukin)-8 secretion [15] [16] [17] [18] [19] [20] , and intratracheal administration of LPA to mice induced infiltration and accumulation of neutrophils in BAL fluid [15] . These results suggested that LPA plays an important role in innate immunity through the secretion of Th-1 type cytokines. Additionally, LPA treatment of HBEpCs attenuated IL-13-induced STAT (signal transducer and activator of transcription)-6 phosphorylation via increased expression of the IL-13 decoy receptor, IL-13Rα2 (IL-13 receptor α2) [19] . These results suggest that LPA may play an anti-inflammatory role in airway adaptive immunity by reducing Th-2 cytokine function. Thus, LPA appears to induce pro-inflammatory signals in innate immunity and anti-inflammatory factors in adaptive immunity during airway inflammation.
Ligation of LPA to its GPCR (G-protein-coupled receptor) activates MAPKs (mitogen-activated protein kinases), PLD (phospholipase D) and transcriptional factors such as NF-κB (nuclear factor-κB) and JNK (Jun N-terminal kinase)/c-Jun pathways [14] [15] [16] [17] [18] [19] . A growing body of literature shows that LPA induces intracellular signals through transactivation of RTKs (receptor tyrosine kinases) in various cell lines [14, 18, 20, [23] [24] [25] . Among the various RTKs, transactivation of EGFR [EGF Abbreviations used: AP, activating protein; BAL, bronchoalveolar lavage; BEBM, bronchial epithelial basal medium; BEGM, basal essential growth medium; C/EBPβ, CCAAT/enhancer-binding protein β; COX, cyclo-oxygenase; dn, dominant negative; EGF, epidermal growth factor; EGFR, EGF receptor; GPCR, G-protein-coupled receptor; HB-EGF, heparin-binding EGF; HBEpC, human bronchial epithelial primary cell; IκB, inhibitory κB; IL, interleukin; IL-13Rα2, IL-13 receptor α2; JNK, Jun N-terminal kinase; LPA, lysophosphatidic acid; LPAR, LPA receptor; MAPK, mitogen-activated protein kinase; MBP, myelin basic protein; MMP2/9, matrix metalloproteinase 2 and 9; MOI, multiplicity of infection; NF-κB, nuclear factor-κB; P 0/1/2 , passage zero/one/two; PDGFR, platelet-derived growth factor receptor; PG, prostaglandin; PKC, protein kinase C; PLD, phospholipase D; hPLD1b, human PLD1b; mPLD2, mouse PLD2; PTx, pertussis toxin; RTK, receptor tyrosine kinase; RT-PCR, reverse transcription-PCR; siRNA, small interference RNA. 1 To whom correspondence should be addressed (email yzhao@medicine.bsd.uchicago.edu).
(epidermal growth factor) receptor] [18, 23, 24] , PDGFR (plateletderived growth factor receptor) [14] and TrkA [25] have been well described. In addition to transactivation, transinactivation of RTKs by GPCRs has been reported [20, 26] . LPA treatment induces serine phosphorylation of c-Met and downregulates HGF (hepatocyte growth factor)/c-Met signalling in HBEpCs [20] . In HBEpCs, LPA-stimulated tyrosine phosphorylation of PDGFRβ by a transactivation mechanism is regulated by PLD2, and also part of the LPA-induced threonine/tyrosine phosphorylation of ERK1/2 (extracellular-signal-regulated kinase 1/2) was linked to the transactivation of PDGFRβ [14] . Also, LPA-mediated tyrosine phosphorylation of EGFR through PKCδ [PKC (protein kinase C) δ]-mediated MMP2/9 (matrix metalloproteinase 2 and 9) activation, HB-EGF (heparin-binding EGF) shedding, and binding of HB-EGF to EGFR, results, in part, in IL-8 secretion from HBEpCs [18] . PGE 2 [PG (prostaglandin) E 2 ] is an autocrine mediator derived from AA (arachidonic acid) metabolism either through the constitutive active COX (cyclo-oxygenase)-1 and/or an inducible COX-2 [27, 28] . A growing body of evidence suggests that upregulation of COX-2 expression and PGE 2 release plays a protective role in the innate immunity response and tissue repair process in airway inflammation [29] [30] [31] . This is apparent from the findings that administration of COX-1/COX-2 inhibitors to allergen-sensitized mice increased expression of Th2 cytokines (IL-5 and IL-13), mRNA expression of CCR (CC chemokine receptor) 1/5 and airway hyper-responsiveness [30] . However, the regulation of COX-2 expression and the physiological effect of PGE 2 on airway epithelium have not been well examined.
In this study, we demonstrated that LPA treatment induces COX-2 expression and PGE 2 production through a PLD2 and PKCζ -mediated cross-link of LPA receptors and EGFR in HBEpCs. This is the first report which shows that the transactivation of EGFR regulates the C/EBPβ (CCAAT/enhancerbinding protein β) pathway and leads to COX-2 expression and PGE 2 release. These results demonstrate novel mechanisms for regulation of airway immunity by LPA.
EXPERIMENTAL

Materials
LPA, in the form 1-oleoyl (18:1)-LPA, was purchased from Sigma-Aldrich. PTx (pertussis toxin) was from Calbiochem. AG1478 was purchased from AG Scientific. MBP (myelin basic protein) and antibodies for PLD1, PLD2, phospho-IκB (inhibitory κB) (Ser 32 ), phospho-JNK1/2, JNK1, NF-κB (RelA), phospho-C/EBPβ and C/EBPβ were from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). Antibodies for EGFR and phospho-EGFR (Tyr 1068 ), PKCζ and phospho-PKCζ (Thr 410 ) were procured from Cell Signaling Technology (Beverly, MA, U.S.A.) and human recombinant EGF was from Upstate Biotechnology. Scrambled siRNA (small interference RNA) was from Dharmacon and EGFR siRNA, c-Jun siRNA, and C/EBPβ siRNA were from Santa Cruz Biotechnology. TransMessenger TM Transfection Reagent was from Qiagen. Horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse secondary antibodies were purchased from Molecular Probes (Eugene, OR, U.S.A.). ECL ® (enhanced chemiluminescence) kit for detection of proteins by Western blotting was obtained from Amersham Pharmacia. EIA (enzyme immunoassay) kit for PGE 2 measurement and antibodies for COX-1 and COX-2 were from Cayman Chemical (Ann Arbor, MI, U.S.A.). All other reagents were of analytical grade.
Cell culture
Primary human bronchial epithelial cells were isolated from normal human lung obtained from lung transplant donors, purchased from Clonetics/Lonza, following typical procedures as previously described [14, 15] . The isolated P 0 (passage zero) HBEpCs were then seeded, at a density of 1.5 × 10 4 cells/cm 2 , onto T-75 flasks in serum-free BEGM (basal essential growth medium; supplied by Clonetics/Lonza). Growth factors were supplemented according to Clonetics/Lonza's instructions. Cells were incubated at 37
• C in 5% CO 2 /95 % air to ∼ 80 % confluence and subsequently propagated in 35-mm-diameter collagen-coated dishes or 6-well plates. All experiments were carried out between P 1 and P 3 .
Preparation of cell lysates and Western blotting
After indicated treatments, HBEpCs were rinsed twice with ice-cold PBS and lysed in 200 µl of lysis buffer (20 mM Tris/HCl, pH 7.4, 150 mM NaCl, 2 mM EGTA, 5 mM β-glycerophosphate, 1 mM MgCl 2 , 1% Triton X-100, 1 mM sodium orthovanadate, 10 µg/ml protease inhibitors, 1 µg/ml aprotinin, 1 µg/ml leupeptin and 1 µg/ml pepstatin). Cell lysates were incubated at 4
• C for 15 min, sonicated on ice for 15 s, and centrifuged at 5000 g for 5 min at 4
• C. Protein concentration was determined with a BCA (bicinchoninic acid) protein assay kit (Pierce) using BSA as standard. Equal amounts of protein (20 µg) were subjected to SDS/PAGE (10 % gels), transferred to PVDF membranes, blocked with 5 % (w/v) BSA in TBST (25 mM Tris/HCl, pH 7.4, 137 mM NaCl and 0.1 % Tween 20) for 1 h, and incubated with primary antibodies in 5 % (w/v) BSA in TBST for 1 h at room temperature (25 • C). The membranes were washed at least three times with TBST at 15 min intervals and then incubated with either mouse or rabbit horseradish peroxidaseconjugated secondary antibody (1:3000 dilution) for 1 to 2 h at room temperature. The membranes were developed with an ECL ® detection system according to the manufacturer's instructions.
Transfection of EGFR, c-Jun, COX-2 or C/EBPβ siRNA siRNAs (20 µM) were designed and synthesized by Santa Cruz Biotechnology. HBEpCs (P 1 or P 2 ) were cultured onto 6-well plates. At 50-60 % confluence, transient transfection of siRNAs was carried out using TransMessenger TM Transfection Reagent. siRNA (2.5 µl) was diluted with kit contents Enhancer R (4 µl) in buffer EC-R (93.5 µl), and mixed by vortexing for 10 s. After 5 min of incubation at room temperature, 8 µl of TransMessenger TM Transfection Reagent was added to the RNAEnhancer R mixture and mixed by vortexing for 10 s. After 10 min of incubation at room temperature, the mixture was added dropwise onto the cells with 900 µl of BEBM (bronchial epithelial basal medium). The basal medium was replaced with complete BEGM medium after 3 h. Cells were lysed 72 h after transfection and analysed using Western blotting as above.
RNA extraction and real-time RT-PCR (reverse transcription-PCR)
Total RNA was extracted from cultured HBEpCs using TRIzol ® reagent (Life Technology) according to the manufacturer's instructions. RNA was quantified spectrophotometrically and samples with an absorbance of 1.8 measured at 260/280 nm were analysed by real-time RT-PCR. RNA (0.5 µg) was reverse transcribed using a cDNA synthesis kit (Bio-Rad), and realtime PCR and quantitative PCR were performed to assess expression of COX-1 and COX-2 using primers designed based on human mRNA sequences. COX-1 primers: forward, GAGTACTGGAAGCCGAGCAC and reverse, AGGGACAG-GTCTTGGTGTTG; COX-2 primers: forward, ATCGATGCTGT-GGAGCTGTA and reverse, AAGGAGAATGGTGCTCCAAC; 18S primers: forward, GTAACCCGTTGAACCCCATT and reverse, CCATCCAATCGGTAGTAGCG. Amplicon expression in each sample was normalized to its 18S RNA content. The relative abundance of target mRNA in each sample was calculated as 2 raised to the negative of its threshold cycle value times 10 6 after being normalized to the abundance of its corresponding 18S, {e.g. [2 −(IL−13Rα2 threshold cycle) /2 −(18S threshold cycle) ] × 10 6 }.
Transfection of adenoviral constructs
Infection of HBEpCs (∼ 60 % confluence) with purified adenoviral vectors of catalytically inactive mutants of hPLD1b (human PLD1b)-K898R and mPLD2 (mouse PLD2)-K758R, or empty Ad5 vector were carried out in 6-well plates as described previously [14, 19] . Following infection with different MOI (multiplicity of infection) in 1 ml of BEGM for 48 h, the virus-containing medium was replaced with complete BEBM prior to LPA challenge.
Measurement of PGE 2 secretion
HBEpCs grown on 6-well plates were challenged with LPA or EGF for 3 h and media were collected and centrifuged at 5000 g for 10 min at 4
• C. The supernatants were transferred to new eppendorf tubes and frozen at − 80
• C for later analysis of PGE 2 with PGE 2 ELISA kit according to the manufacturer's instructions.
Immunocytochemistry
HBEpCs grown on coverslips to ∼ 80 % confluence were challenged with LPA (1 µM) for 15 min. Coverslips were rinsed with PBS and treated with 3.7 % (v/v) formaldehyde in PBS at room temperature for 20 min. After washing with PBS, coverslips were incubated in blocking buffer [1 % (w/v) BSA in TBST] for 1 h, cells were subjected to immunostaining with NF-κB antibody (RelA) (1:200 dilution) for 1 h, and washed four times with TBST followed by staining with a secondary antibody with Alexa Fluor 488 (1:200 dilution in blocking buffer) for 1 h. After washing four times with TBST, the coverslips were mounted using commercial mounting medium for fluorescent microscopy (Kirkegaard and Perry Laboratories, Gaithersburg, MD, U.S.A.) and were examined using an immunofluorescent microscope with a Hamamatsu digital camera using a 60 × oil immersion objective and MetaVue software.
PKCζ activity assay
HBEpCs grown in 100-mm-diameter dishes were challenged with LPA for 15 min, cell lysates were centrifuged at 5000 g for 10 min at 4
• C, and lysate containing 1 mg of protein was incubated with 10 µl of PKCζ antibody overnight at 4
• C. The immune complexes were incubated with 50 µl of Protein A/G beads for 2 h at 4
• C with gentle rotation. Immunoprecipitates were washed five times with lysis buffer, modified to contain 500 mM NaCl, and incubated with 2 µg of MBP and 10 µCi of [γ -32 P]ATP for 30 min at 37
• C in kinase buffer (35 mM Tris/HCl, pH 7.5, 10 mM MgCl 2 , 5 mM EGTA, 1 mM CaCl 2 and 1 mM phenylphosphate) for PKCζ activity assays. Proteins were separated by SDS/PAGE (20 % gels), gels were dried and MBP was detected as a 20 kDa band by autoradiography.
Statistical analyses
All results were subjected to statistical analysis using one-way ANOVA and, where appropriate, analysed by Student-NewmanKeuls test. Results are expressed as means + − S.D. of triplicate samples from at least three independent experiments and level of significance was taken to be P < 0.05.
RESULTS
LPA induces COX-2 expression and PGE 2 release
We have demonstrated earlier that LPA treatment induces IL-8 [15] [16] [17] [18] and IL-13Rα2 secretion in HBEpCs [19] . Here, we examined the effect of LPA treatment on COX-2 expression and PGE 2 secretion. Analyses of total RNA by real-time RT-PCR showed that both COX-1 and COX-2 are expressed in HBEpCs and that the expression of COX-1 is ∼ 2-fold higher than COX-2 in unstimulated cells ( Figure 1A ). Exposure of HBEpCs to LPA (1 µM) induced COX-2 gene expression in a time-dependent fashion with a ∼ 4-fold increase at 1 h and a maximal level reached at 3 h (∼ 12.8-fold), whereas such exposure had no effect on COX-1 gene expression at up to 24 h ( Figure 1B ). As shown in Figure 1 (C), LPA (1 µM) induced COX-2 protein expression after 3 h (5.2-fold), which continued up to 24 h (4.5-fold), without altering COX-1 protein expression.
LPA induces various cellular responses through its ligation to GPCRs (LPA 1−5 ) in mammalian cells [17, [32] [33] [34] . We have shown that LPA-induced intracellular signalling transduction, IL-8 and IL-13Rα2 secretion were dependent on Gα i proteins [15] [16] [17] [18] [19] . To examine whether LPA-induced COX-2 expression was through Gα i -protein-coupled receptors, HBEpCs were pretreated with PTx (100 ng/ml for 4 h) prior to an LPA (1 µM for 3 h) challenge. As shown in Figures 1(D) and 1(F), PTx attenuated LPA-induced COX-2 mRNA and protein expression; however, PTx had no effect on EGF-induced COX-2 expression ( Figure 1E ), suggesting the involvement of Gα i -coupled LPARs (LPA receptors). Next, we measured secretion of PGE 2 in media by cells after LPA challenge. HBEpCs were challenged with LPA (1 µM) for 3 h, media were collected, and PGE 2 levels were measured by a PGE 2 -specific ELISA kit. As shown in Figure 2 (A), media from control cells contained 196 + − 12 pg/ml of PGE 2 , and LPA treatment increased the PGE 2 levels to 723 + − 45 pg/ml. To examine the role of inducible COX-2 in LPA-induced PGE 2 release, COX-2 expression was downregulated by transfection of COX-2 siRNA (50 nM) for 72 h. COX-2 siRNA effectively down-regulated COX-2 protein expression ( Figure 2B ) and attenuated LPAinduced PGE 2 release by ∼ 50 % compared with scrambled siRNA cells exposed to LPA (723 + − 45 pg/ml and 375 + − 17 pg/ml respectively) ( Figure 2A ). These results show that LPAinduced PGE 2 secretion was dependent on expression of COX-2 in HBEpCs. (1 µM) for a further 3 h. As shown in Figure 2 
Transactivation of EGFR by LPA regulates COX-2 expression and PGE 2 release
We have demonstrated previously that transactivation of EGFR by LPA regulates LPA-induced IL-8 secretion in HBEpCs [18] . To determine further the molecular mechanisms of LPAinduced COX-2 expression and PGE 2 release in HBEpCs, we first examined the effect of EGFR siRNA on EGF-induced COX-2 expression. HBEpCs were transfected with scrambled siRNA (50 nM) or EGFR siRNA (50 nM) for 72 h and then challenged with EGF (20 ng/ml) for 3 h. Analyses of total cell lysates by Western blotting showed that transfection of cells with EGFR siRNA almost completely blocked EGFR protein expression (>95 %), and partly attenuated EGF-induced COX-2 expression (∼ 50 %, compared with scrambled siRNA cells exposed to EGF) ( Figure 4A ). To examine the role of transactivation of EGFR on LPA-induced COX-2 expression, HBEpCs were transfected with EGFR siRNA (50 nm for 72 h) or pretreated with the EGFR tyrosine kinase inhibitor AG1478 (0.1 and 0.5 µM for 1 h). As shown in Figures 4(B) and 4(C), EGFR siRNA or AG1478 attenuated LPA-induced COX-2 expression. Furthermore, EGFR siRNA attenuated LPA-and EGF-induced PGE 2 secretion in HBEpCs [Scrambled siRNA transfected cells: vehicle (medium alone), 225 + − 45 pg/ml; LPA, 798 + − 70 pg/ml; EGF, 375 + − 50 pg/ml. EGFR siRNA transfected cells: vehicle, 85 + − 25 pg/ml; LPA, 360 + − 27 pg/ml; EGF, 250 + − 45 pg/ml] ( Figure 4D ). These results suggest that LPA-induced COX-2 expression is partly regulated by transactivation of EGFR in HBEpCs.
Figure 5 PLD2 regulates LPA-induced COX-2 expression and EGFR transactivation
HBEpCs (50-60 % confluence) were infected with adenoviral vector containing mutant mPLD2 (mPLD 2 mut) (10 MOI) (A), hPLD1 mutant (hPLD 1b mut) (10 MOI) (B) or control empty vector (Ad-Vector) (10 MOI) (A and B) for 24 h, then challenged with LPA (1 µM) for 3 h. Cell lysates were analysed with antibodies to COX-2 (A and B), PLD2 (A) or PLD1 (B). Quantitative analysis from a representative blot of three independent experiments is shown above the representative blots. (C) HBEpCs (50-60 % confluence) were infected with adenoviral vector containing hPLD1 mutant or mPLD2 mutant (10 MOI) or control empty vector (10 MOI) for 24 h, then challenged with LPA (1 µM) or EGF (20 ng/ml) for 15 min. Cell lysates were analysed with antibodies to phospho-EGFR (P-EGFR) or total EGFR (T-EGFR). Quantitative analysis from a representative blot of three independent experiments is shown above the representative blots.
Role of PLD2 rather than PLD1 in LPA-induced COX-2 expression and EGFR transactivation
We have previously shown that LPA stimulated PLD1 and PLD2 expression, and that PLD2 regulated LPA-induced PDGFRβ transactivation in HBEpCs [14] . To investigate the role of PLD1 and PLD2 isoenzymes in regulating LPA-induced COX-2 expression, we overexpressed catalytically-inactive mutants of hPLD1 (10 MOI) and mPLD2 (10 MOI) for 24 h [14] and cell lysates were analysed for enhanced expression of PLD1 and PLD2 proteins by Western blotting with specific antibodies. As shown in Figures 5(A) and 5(B) , infection of HBEpCs with adenoviral constructs increased the expression of PLD1 and PLD2 proteins. Furthermore, overexpression of the catalytically inactive mutant of mPLD2 (K758R), but not hPLD1 (K898R), attenuated LPA-induced COX-2 expression (Figures 5A and 5B) . Next, we investigated if LPA-induced EGFR transactivation was regulated by PLD. HBEpCs were infected with adenoviral constructs of the catalytically inactive mutants of hPLD1 (K898R) and mPLD2 (K758R) (10 MOI) for 24 h prior to LPA stimulation. As shown in Figure 5 (C), LPA stimulated tyrosine phosphorylation of EGFR at Tyr 1068 (∼ 5.0-fold change); and overexpression of the mPLD2 mutant, but not of the hPLD1 mutant, attenuated LPA-induced tyrosine phosphorylation of EGFR. However, over-expression of both hPLD1 and mPLD2 mutants had no effect on EGFinduced EGFR tyrosine phosphorylation. These results establish the involvement of PLD2 in LPA-mediated COX-2 expression and EGFR transactivation in HBEpCs.
Role of PKCζ in LPA-induced COX-2 expression and EGFR transactivation
We have previously shown that, among the various PKC isoforms, PKCδ regulates LPA-induced IL-8 secretion [14] and EGFR transactivation [18] in HBEpCs. To determine further the role of other PKC isoforms in LPA-induced COX-2 expression, HBEpCs were infected with adenoviral constructs of dn (dominantnegative) PKCα (K368R) δ (K376A) and ζ (K282R) (10 MOI) for 24 h prior to LPA challenge (1 µM for 3 h). Overexpression of dn-PKCδ and ζ , but not dn-PKCα, partially blocked LPAinduced COX-2 expression (results not shown). To study the role of PKCζ further, cells were pretreated with different concentrations of a myristoylated PKCζ peptide inhibitor for 1 h prior to LPA challenge. As shown in Figure 6 (A), the myristoylated PKCζ peptide inhibitor attenuated LPA-induced COX-2 expression in a dose-dependent fashion. Furthermore, LPA-induced tyrosine phosphorylation of EGFR was attenuated by the myristoylated PKCζ peptide inhibitor ( Figure 6B ). These results demonstrate that PKCζ regulates LPA-induced COX-2 expression and transactivation of EGFR in HBEpCs.
PLD2 regulates LPA-induced PKCζ activation
Since PLD2 and PKCζ regulate LPA-induced COX-2 expression and EGFR transactivation, we investigated whether PKCζ activation by LPA was downstream of PLD2. HBEpCs were infected with an adenoviral construct of the catalytically inactive mutant PLD2 (K758R) (10 MOI for 24 h), and then challenged with LPA for 15 min. As shown in Figure 7 (A), LPA treatment induced phosphorylation of PKCζ , as determined by Western blotting with phospho-specific PKCζ antibody, and overexpression of the PLD2 mutant attenuated LPA-induced phosphorylation of PKCζ . The effect of overexpression of the catalytically inactive mutant of PLD2 on PKCζ was also determined in vitro using an MBP phosphorylation assay. HBEpCs, infected with adenoviral mPLD2 mutant (K758R) (10 MOI) for 24 h, were challenged with LPA (1 µM) for 15 min, cell lysates (of equal protein concentration) were subjected to immunoprecipitation with PKCζ , and immunoprecipitates were assayed for PKCζ activity using [γ -32 P]ATP and MBP as a substrate. LPA increased phosphorylation of MBP (∼ 3.9 fold), compared with empty vector-treated cells, and over-expression of mPLD2 mutant blocked LPA-mediated phosphorylation of MBP ( Figure 7B ). These results show that LPA-induced stimulation of PKCζ is downstream of PLD2 activation in HBEpCs.
Activation of C/EBPβ is downstream of LPA-induced transactivation of EGFR
A previous study has demonstrated that cross-talk between LPARs and EGFR partly regulates LPA-induced IL-8 release [24] ; however, signalling pathways downstream of transactivation of EGFR have not been established. Here we investigated whether transactivation of EGFR regulates activation of the transcription factors NF-κB, c-Jun and C/EBPβ in HBEpCs. LPA treatment (1 µM for 15 min) induced phosphorylation of IκB, whereas pretreatment of HBEpCs with a specific EGFR tyrosine kinase inhibitor, AG1478 (0.01, 0.1 and 1.0 µM for 1 h), had no effect on LPA-induced phosphorylation of IκB ( Figure 8A ). Furthermore, blocking the EGFR tyrosine kinase activity with AG1478 did not block LPA-induced (1 µM for 30 min) translocation of the NF-κB p65 (RelA) subunit from the cytoplasm to the nucleus, as determined by immunocytochemistry ( Figure 8B ). The effects of AG1478 on EGF-and LPA-induced tyrosine phosphorylation of EGFR [24] and COX-2 expression ( Figure 4C ) have been demonstrated. These results suggest that the NF-κB pathway is not downstream of transactivation of EGFRs.
Next, we examined the role of LPA-induced transactivation of EGFR in JNK/c-Jun signalling. HBEpCs, transfected with either scrambled or EGFR siRNA (50 nM for 72 h), were challenged with LPA (1 µM) for 15 min. As shown in Figure 8(C) , downregulation of EGFR with EGFR siRNA had no effect on LPAinduced phosphorylation of JNK1/2. However, EGFR siRNA did reduce EGFR expression ( Figure 8C) .
To ascertain further a role for EGFR transactivation by LPA in C/EBPβ activation, HBEpCs were transfected with EGFR siRNA (50 nM for 72 h), to down-regulate EGFR expression, or pretreated with AG1478 (0.1-1.0 µM for 1 h) prior to challenge with LPA (1 µM) or EGF (20 ng/ml) for 15 min, and phosphorylation of C/EBPβ and total C/EBPβ were examined by Western blotting with specific antibodies to phospho-threonine-C/EBPβ and C/EBPβ respectively. As shown in Figure 9 (A), EGFR siRNA reduced EGFR expression and attenuated LPAinduced phosphorylation of C/EBPβ (from ∼ 3.7-fold to ∼ 1.8-fold after LPA treatment). Furthermore, HBEpCs pretreated with AG1478 (0.1, 0.5 and 1.0 µM) for 1 h blocked, in a dose- Figures 5B and 6A) , and that C/EBPβ is downstream of transactivation of EGFR in HBEpCs ( Figures 9A and 9B) , we next determined whether LPA-induced C/EBPβ activation was dependent on PLD2 and PKCζ . HBEpCs, infected with the adenoviral construct of mutant mPLD2 (10 MOI for 24 h) or pretreated with the myristoylated PKCζ -inhibitor peptide (1, 5 and 10 µM for 1 h), were challenged with LPA (1 µM) for 15 min and cell lysates were analysed for increased phosphorylation of C/EBPβ by Western blotting with phospho-specific antibody. As shown in Figures 10(A) and 10(B) , overexpression of mutant mPLD2 or pretreatment with myristoylated PKCζ -inhibitor peptide partially attenuated the LPA-induced threonine phosphorylation of C/EBPβ. These results suggest that PLD2 and PKCζ regulate C/EBPβ activation, which is downstream of EGFR transactivation by LPA in HBEpCs.
DISCUSSION
The results presented here demonstrate for the first time two independent mechanisms of regulation of COX-2 expression and PGE 2 secretion by LPA in airway epithelium. The first pathway is dependent on the activation of C/EBPβ, which is downstream of transactivation of EGFR by LPA; whereas the second pathway involves regulation by NF-κB and c-Jun transcriptional factors, which are independent of EGFR transactivation by LPA. The current data also demonstrate that COX-2 and PGE 2 play a critical role in LPA-induced IL-13Rα2 expression in airway epithelial cells.
COX comprises two isoforms, COX-1 and COX-2, which regulate biosynthesis of various PGs and thromboxanes. In many cell types, COX-2 is an inducible gene, while COX-1 is constitutively expressed [36] [37] [38] . In HBEpCs, our data show that both COX-1 and COX-2 were constitutively expressed (COX-1 > COX-2), and stimulation with LPA enhanced the mRNA and protein expression of COX-2 but not COX-1. Our results on basal COX-2 expression and PGE 2 release are in agreement with earlier reports demonstrating a role for COX-2 in basal PG generation in airway epithelium [37, 38] . Previous studies suggest that COX-2 is anti-inflammatory in the airway, as inhibition of COX-2 activity by selective inhibitors or down-regulation of COX-2 expression by gene knockout procedures [29] [30] [31] enhanced airway inflammation. The present findings on LPAinduced COX-2 expression and PGE 2 secretion in this study extend our previous studies demonstrating that LPA plays a key regulatory role in airway inflammation and remodelling by stimulating expression and secretion of IL-8 [15] [16] [17] [18] and IL-13Rα2 [19] . Furthermore, our observation that LPA-induced COX-2 gene and protein expression is dependent on G i -coupled LPARs is in agreement with earlier studies on IL-8 secretion and IL-13Rα2 expression stimulated by LPA in HBEpCs [16, 19] .
LPA induces various cellular responses via transcriptional regulation of gene expression [15] [16] [17] [18] [19] . Previously, LPA-induced COX-2 expression has been demonstrated in renal mesangial [39] , human colon cancer LoVo [40] and ovarian cancer cells [41] ; however, mechanism(s) of regulation of COX-2 by LPA is unclear. The human COX-2 promoter region has been sequenced and contains a canonical TATA box and putative transcriptional regulatory elements such as AP-1/AP-2, Sp1 (stimulating protein-1), GATA, CRE (cAMP-response element), C/EBP and NF-κB [35] . The participation of NF-κB, AP-1 and C/EBPβ in changes of COX-2 expression with various stimuli in different cell types has been described [42] [43] [44] [45] [46] . Activation of C/EBPβ is essential for COX-2 expression in macrophages but not in fibroblasts [44] . In human lung epithelium, Streptococcus pneumonia-induced COX-2 expression was dependent on p38 MAPK-mediated NF-κB, but not JNK, activation [45] . However, the influenza virusinduced COX-2 expression was dependent on JNK, but not p38 MAPK-signalling pathway [46] . The present study, using specific inhibitors or siRNA for NF-κB, JNK/c-Jun or C/EBPβ, shows that activation of NF-κB, AP-1 and C/EBPβ pathways by LPA regulates COX-2 expression in HBEpCs. Although the involvement of NF-κB and AP-1 in LPA-induced COX-2 expression has been extensively demonstrated, the present study, for the first time, defines a novel pathway of C/EBPβ activation of COX-2 expression by LPA via PLD2 and PKCζ -mediated transactivation of EGFR in HBEpCs. Knockdown of EGFR with EGFR siRNA or inhibition of tyrosine phosphorylation of EGFR with AG1478 blocked LPA-induced phosphorylation of C/EBPβ, but not IκB or c-Jun phosphorylation, indicating that C/EBPβ, but not NF-κB and JNK/c-Jun, is the downstream signal of LPA-induced EGFR transactivation. In recent years, C/EBPβ has emerged as a key regulator of COX-2 expression by pro-inflammatory mediators [35, 43, 44, 47] . The C/EBP family consists of six proteins that belong to the basic zipper transcriptional factors [48] , and based on sequence homology are divided into two subgroups, namely C/EBPα, β and δ, and C/EBPγ , ε and ζ . While several of the proinflammatory mediators stimulate COX-2 expression via C/EBPβ and δ isoforms [47] , the isoform(s) involved in COX-2 expression by LPA in HBEpCs remains to be determined.
Cross-talk between GPCRs and RTKs regulates the downstream signals of both receptors [14, 18, 20, [23] [24] [25] . Though transactivation of EGFRs by GPCRs has been well documented in several cell types [18, 23, 24] , the mechanism(s) regulating GPCR-mediated EGFR transactivation and the physiological relevance of this transactivation phenomenon has not been well established. We have shown previously that ligation of LPA to LPARs induces tyrosine phosphorylation of EGFRs [18] and PDGFRβ [14] as well as serine phosphorylation of c-Met [20] in HBEpCs. We also previously observed that secretion of the EGFR ligand HB-EGF, induced by LPA via Lyn kinase-dependent activation of MMP2/9, resulted in autocrine signalling through EGFR activation, and increased IL-8 expression and secretion [18] . Furthermore, the involvement of PLD2, but not PLD1, in transactivation of PDGFRβ by LPA in HBEpCs [14] , and crosstalk between angiotensin II receptor and EGFR [49] , has been demonstrated. In addition to the involvement of PKCδ in LPAinduced activation of Lyn, MMP2/9, HB-EGF release and tyrosine phosphorylation of EGFR [18] , here we provide evidence for PLD2-dependent activation of PKCζ in EGFR transactivation and COX-2 expression by LPA in HBEpCs. Previously, transactivation of both c-Met and EGFR, and induction of COX-2 expression by LPA, have been demonstrated in human colon cancer LoVo cells; however, the link between LPARs and c-Met/EGFR in LPAinduced COX-2 expression was not established [40] . We have shown that LPA induces transinactivation of c-Met [20] , whereas knockdown of c-Met with c-Met siRNA has no effect on LPAinduced COX-2 expression in HBEpCs (Y. Zhao, unpublished work). In contrast to c-Met transinactivation, transactivation of EGFR by LPA-induced COX-2 expression and PGE 2 release was blocked by EGFR siRNA or the EGFR tyrosine kinase inhibitor In the first pathway, LPA induces activation of C/EBPβ through EGFR transactivation involving PLD2 and PKCζ ; whereas the second pathway involves LPA-induced regulation of NF-κB and c-Jun transcriptional factors, which are independent of EGFR transactivation. Both pathways go on to activate COX-2 expression and thus PGE 2 is released.
AG1478. These results provide evidence supporting the role of LPA in regulating inflammation partly through cross-talk between LPARs and EGFR in airway epithelium. In addition, the PDGFRβ kinase inhibitor, AG1296 (1 µM) attenuated LPA-induced COX-2 expression (Y. Zhao, unpublished work), suggesting the cross-talk between LPARs and PDGFRβ contributed to LPA-induced COX-2 expression in HBEpCs. Future investigation will determine the mechanisms of the role of cross-talk between LPAR and PDGFRβ on COX-2 expression.
In summary, our results demonstrate that LPA induces COX-2 expression and PGE 2 production through an EGFR transactivation-dependent C/EBPβ pathway and through EGFR transactivation-independent NF-κB and JNK/c-Jun pathways in HBEpCs. Furthermore, stimulation of PKCζ by PLD2 regulated LPA-induced EGFR transactivation, C/EBPβ activation and COX-2 expression ( Figure 11 ). As COX-2 and PGE 2 exhibit antiinflammatory properties in the airway [29] [30] [31] , our results indicate that enhanced COX-2 expression by LPA may have a protective role in airway inflammation and remodelling.
